, and these flavoHbs protect bacteria, yeast and Dictyostelium discoideum against growth inhibition and NO-mediated damage during exposures to authentic NO or NO releasing agents (1, 2, 6, 7, (10) (11) (12) . Further, O 2 is required for the robust NO scavenging action of flavoHb both in E. coli and in vitro, and O 2 is required for the maximal protection of cells and NO-sensitive aconitases from NOmediated damage (1, 2) . Other flavoHb mechanisms may also protect cells against nitrosothiol or NO toxicity in the absence of O 2 . FlavoHbs may reduce NO or denitrosylate toxic nitrosothiols formed from NO, sequester NO or reactive heme, or catalyze other beneficial reactions (6, 10, 13, 14) . These additional flavoHb activities and functions require consideration.
by guest on November 19, 2017 http://www.jbc.org/ Downloaded from 5 at 16,000 g, and cell-free extracts were applied to a 2.5 x 10 cm DEAE Sepharose CL-6B Friedrich (University of Berlin, Germany) (14) as described above. E. coli flavoHb was purified from anaerobic nitrate-induced cultures of RB9060 containing the multi-copy plasmid pAlter + hmp (3). E. coli flavoHb was reconstituted with hemin as described (3).
FlavoHb purities were judged to be greater than 95% by reverse phase HPLC and SDS-PAGE analysis.
FlavoHb Activity Assays-NOD activity was measured using a NO electrode (World Precision Inst.) at 37°C in 2 ml of 50 mM potassium phosphate, pH 7.8, containing 1 µM NO, 1 µM FAD, 200 µM O 2 and 100 µM NADH unless specified otherwise (3).
Saturated O 2 solution (1.14 mM) was prepared by vigorously stirring reaction buffer in a rubber septum-sealed vial under 99.99% O 2 at room temperature. Saturated NO (2 mM) was prepared as previously described (18) . Saturated CO (1 mM) was prepared by vigorously stirring water in a septum-sealed vial under a stream of 99.99% CO at room temperature (19) . The effect of FAD and CO on NOD activity was measured following repetitive additions of 2 nanomol NO and the stepwise removal of NO by 0.12 to 1.2 pmol of flavoHb in a 2 ml reaction at 37°C. NOD activities were calculated with a 6 correction for background rates of NO decomposition for each assay condition. NADH oxidase activity was followed at 340 nm in a 0.5 ml reaction mix containing 50 mM potassium phosphate, pH 7.8, 0.1 mM EDTA, 100 µM NADH, and 1 µM FAD at 37°C.
NO reductase activity was measured using the NO electrode in an anaerobic 2 ml reaction at 37°C containing 50 mM potassium phosphate, pH 7.8, 0.1 mM EDTA, 1 µM FAD, 10 mM glucose, 16 U glucose oxidase, 260 U catalase, 100 µM NADH and 5 µM NO. NO and flavoHb were added following 6 min of O 2 depletion, and NO decomposition rates were determined for 1 µM NO. FAD reductase activity was assayed at 450 nm in a 1 ml reaction mixture prepared as described for the measurement of NO reductase activity except that NO was omitted and 20 µM FAD was included.
Cofactor and Protein Assays-Heme was determined using the alkaline pyridine method (20) . FAD was released from flavoHb by boiling for 3 min and was determined from the fluorescence at 520 nm with excitation at 460 nm (21 The E. coli flavoHb shows a much greater rate of CO binding than those observed for A. eutrophus and S. cerevisiae enzymes ( Table 2 Nevertheless, it remained to be determined whether various flavoHbs share a similar NOD activity. (Fig. 4) . The data further support a mechanism of NO dioxygenation involving the reaction of NO with a flavoHbO 2 complex (3) and suggest greater similarities of CO affinities of flavoHbs during catalytic turnover than those measured by rapid kinetics ( Table 2) . The flavoHbs show large differences in their dependence upon NADH and NADPH for NOD catalysis (Table 3) . The maximal turnover rates (V max ) calculated from plots of 1/v vs. 1/[NAD(P)H] with saturating NADH or NADPH are also summarized in Table 3 .
It is noteworthy that the A. eutrophus flavoHb does not utilize NADPH as a reducing substrate and that the S. cerevisiae and E. coli flavoHbs utilize either NADH or NADPH.
The results are consistent with earlier reports of the specificity of various A. eutrophus flavoHb activities for NADH (27) . Importantly, none of the NOD activities was significantly affected by superoxide dismutase (1 mg/ml) under standard assay conditions indicating a limited role for free O 2˙-in flavoHb-catalyzed decomposition of NO.
We also examined the effect of temperature on the NOD activities. The E. coli NOD activity decreases ~3-fold in a shift from 37°C to 20°C, whereas the S. cerevisiae and A.
eutrophus activities decrease by 21 and 16-fold, respectively (Table 4) . These results indicate large effects of temperature on NOD catalysis and suggest possible differences in the rate-limiting flavin to heme electron transfer step between the flavoHbs (3).
Differences in temperature effects may also be explained in part by relative differences in NO or O 2 saturation. cerevisae flavoHbs, since there is no significant loss of activity following repetitive NO additions (1 µM) and a total of > 10,000 two electron turnover cycles (Fig. 6, lines 1 and   3 ).
Other Enzymic Activities of FlavoHbs-We investigated three other enzymic activities of the flavoHbs and compared their turnover rates with those for NO dioxygenation. Each flavoHb shows the anaerobic NO reductase activity reported for E. coli flavoHb (6,13) ( Table 5) . The E. coli flavoHb NO reductase activity is ~4-fold higher than that of the other flavoHbs, but is still several orders of magnitude lower than that of the NOD activity. Each flavoHb also displays the NADH oxidase activity reported for E. coli flavoHb (28) (29) (30) . The E. coli NADH oxidase activity is ~7-fold higher than that of the other flavoHbs. This higher NADH oxidase activity accounts for the rapid depletion of NADH by E. coli flavoHb observed in spectra of flavoHbO 2 (Fig. 1) . The data also reveal comparable anaerobic FAD reductase activities for the flavoHbs (34) . . These apparent bimolecular rate constants for flavoHbcatalyzed NO dioxygenation are only 2 to 6-fold lower than the diffusion-limited second order rate constant for the reaction of NO with free superoxide (47, 48) and are more than 20-fold higher than those reported for the mammalian oxy-Mb and oxy-Hb (32).
Stoichiometry of the FlavoHb Reaction-
Further, maximal NOD turnover rates exceed the turnover rates measured for NO reduction, NADH oxidation and FAD reduction by several orders of magnitude (Table 5 ).
The reaction stoichiometry supports the proposed NO dioxygenase mechanism described by Equation 1 (2, 3) . Previous approximations of the flavoHb reaction stoichiometry have also supported a dioxygenase mechanism for NO metabolism (6) . However, the high concentrations of NO (100 µM) and flavoHb (~0.5 µM) used in these early studies are likely to have provided conditions for NO inhibition, NO reduction, reactions leading to the formation of nitrite and non-stoichiometric nitrate, NADH and O 2 ratios. NO dioxygenation thus appears to be a highly specific and well-adapted enzymic function for the flavoHbs. FlavoHbs may significantly control NO toxicity and signaling functions in a variety of organisms.
Competition between NO and O 2 for binding to reduced flavoHb (Table 2) The proteins may exist in alternative conformations, one rapidly reacting and the other slowly reacting. Based on the low K I for CO seen in the NOD steady-state assays, the more rapidly reacting conformer appears to occur during catalysis. The cause of the rate differences could be explained by differing extents of hydration in the distal pockets or changes in iron reactivity, but no structural data is available to allow discrimination between these possibilities. Alternatively, the differences may be related to the extent of reduction of the CO complexes. If only 1 or 2 electrons are present, they may redistribute to the flavin after photolysis, causing both the fraction of reduced iron, and hence reactivity toward CO, to decrease markedly. A similar mechanism could explain the high (6, 10, 11, 13, 14) . However, the prevalence of separate and efficient NO-inducible anaerobic NO reductases in E. coli and other organisms including A. eutrophus (1, 61) coupled with the extremely low 'NO reductase' activities of flavoHbs (Table 5) suggests that the anaerobic protective effects of flavoHbs are not related to the reduction of NO to the nitroxyl anion. Moreover, given the nanomolar O 2 dissociation equilibrium constants of flavoHbs (Table 2 ) and the high NOD turnover rates, it is clear that trace O 2 contamination may produce a significant NOD activity in growth protection experiments.
In addition, greater knowledge of the differences between authentic NO, nitrosothiol, acidified nitrite and NO donor compound toxicities and the physiological significances of these toxicities is required for a full understanding of the NO detoxification function of flavoHbs.
The finding that NOD activity is conserved among the 1.8 billion year old flavoHbs There were multiple bands in the deoxy spectrum generated either by adding sodium dithionite or allowing complete reduction and oxygen consumption by NADH. a In the calculation of k O2 for these proteins, it was assumed that the NADH oxidase activity of the proteins led to depletion of any free O 2 since the observed CO replacement rate was independent of the starting O 2 concentration and increased only to a small degree in going from ~600 µM to 50 µM starting O 2 concentration in the presence of ~600 µM NADH. b The reactions were biphasic with ≥70% of the reaction occurring rapidly with the bimolecular rate constant shown. c The reactions was markedly biphasic with ~50% of the reaction occurring very rapidly and 50% very slowly (rate constant in parentheses). Estimated from the data in Fig. 3 . 
